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ABSTRACT: Mutations in the leucine-rich repeat kinase 2 (LRRK2)
gene have been identified in pedigrees of autosomal-dominant
familial Parkinson’s disease (PARK8). It has been shown that the
kinase activity of LRRK2 is required for its neuronal toxicity,
although how familial Parkinson mutations affect the function of
LRRK2 has not been well characterized. In the present study, we
systematically characterized the autophosphorylation of LRRK2 by
phosphopeptide mapping and identified Thr1348, Thr1349, and
Thr1357 as the major autophosphorylation sites. We found that the
autophosphorylation at Thr1357 is downregulated by the Y1699C mutation, possibly through a conformational alteration of the
ROC domain. We also found that I2020T mutant LRRK2 undergoes excessive autophosphorylation in cell lysates in vitro at a
low concentration of ATP. These results highlight the differential effects of familial mutations in LRRK2 on its conformation and
enzymatic properties.

Parkinson’s disease (PD) is one of the most common
neurodegenerative disorders in adulthood and is patholog-

ically characterized by nigral degeneration accompanied by Lewy
body formation.1−3 The LRRK2 gene has been identified as the
causative gene for PARK8, an autosomal-dominant inherited
form of familial PD (FPD).4,5 Patients harboring LRRK2
mutations develop PD with typical clinical manifestations,6

implicating a common mechanism underlying the pathogenesis
of PARK8 and sporadic PD. In fact, two independent genome-
wide association studies have recently identified single-nucleotide
polymorphisms around the LRRK2 locus as a common risk for
sporadic PD.7,8

LRRK2 codes for a large multidomain protein containing two
distinct enzymatic domains: a ROC (Ras of complex proteins)
domain and a protein kinase domain, the former being
responsible for GTP binding, which is required for the kinase
activity9−12 (Figure 1A). In addition, LRRK2 has a domain with
unknown function named the COR (carboxyl-terminal of ROC)
domain, which is located between the two functional domains.
Six missense mutations (R1441C/G/H, Y1699C, G2019S, and
I2020T) linked to PARK8 have been reported within these three
functional domains13 (Figure 1A), suggesting that abnormality in
the structure and functions of these domains plays a critical role
in the pathogenesis of PARK8. The kinase activity of LRRK2 has
been implicated in the neuronal toxicity caused by over-
expression of familial mutant forms of LRRK2 because the
introduction of mutations inactivating the LRRK2 kinase activity
mitigated the toxicity.10 It has repeatedly been shown that the
G2019S mutation, which is the most frequently identified,

especially in Ashkenazi Jews,14 increases the kinase activity of
LRRK2 in vitro.15 These results suggest that upregulation of the
kinase activity is the key pathogenic phenotype of LRRK2
mutations linked to PD. However, the abnormal increase in the
kinase activity of LRRK2 has not been reproducibly demon-
strated in mutations other than G2019S.16−19 Thus, it is still
unclear whether the pathogenic effects caused by all of the PD
mutations of LRRK2 are common or, alternatively, whether each
mutation has different effects.
The ezrin/radixin/moesin (ERM) family proteins, micro-

tubule-associated protein Tau, and Endophilin A have been
characterized as in vitro substrates of LRRK2.17,20,21 However,
the specificity and the physiological relevance of the phosphor-
ylation of these proteins by LRRK2 has not been established.
Besides phosphorylating substrates, protein kinases, including
LRRK2, often phosphorylate themselves (i.e., autophosphor-
ylation), which is often used as a surrogate for evaluating the
kinase activity.22 Although a set of autophosphorylation sites of
LRRK2 have been identified through one-by-one analyses by
mass spectrometry,23−27 the complete picture of autophosphor-
ylation has not been described. Moreover, the lack of
quantitativity in mass spectrometry makes it difficult to identify
the major autophosphorylation sites with a higher extent of
phosphorylation.
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In this study, we adopted the phosphopeptide mapping method
for the systematic characterization of the autophosphorylation of
LRRK2 and identifiedThr1348, Thr1349, andThr1357within the
ROC domain as the major autophosphorylation sites in vitro. In
addition, we established a unique in-lysate kinase assay system
using the autophosphorylation at Thr1357 as a sensitive marker
for the kinase activity of LRRK2. We further characterized the
different effects of familial PD mutations on the kinase properties
of LRRK2.

■ EXPERIMENTAL PROCEDURES

Construction of Expression Plasmids. For mammalian
expression, full-length (FL) human LRRK2 cloned in the
p3×FLAG-CMV-10 vector (Sigma) andΔN-LRRK2 (1326−

2527 aa) cloned in the pDEST27 vector (Life Technologies)
were constructed as described previously.11,24 The bacterial
expression vector encoding GST-LRRKtide was generated as
described previously.24 For the baculovirus/Sf9 expression
system, ΔN-LRRK2 and ROC (1326−1518 aa) fragments
cloned in the pENTR/TEV/D-TOPO vector (Life Technolo-
gies) were cut and ligated into the pDEST20 vector (Life
Technologies). Nucleotide substitution was introduced into a
fragment less than 1.5 kb in size by a long PCR protocol. The
sequences of the PCR primers used are listed in the Supporting
Information. Mutated fragments were subsequently ligated into
FL-LRRK2 orΔN-LRRK2 by appropriate digestion and ligation.
All constructs generated from PCR products were verified by
DNA sequencing.

Figure 1. Identification of major autophosphorylation sites of LRRK2 by 2D thin-layer chromatography (2D TLC) analysis. (A) Schematic
representation of full-length (FL) LRRK2 and ΔN-LRRK2 (1326−2527 aa). The familial mutations as well as the autophosphorylated residues
identified in this study are shown. (B) 2DTLCmap of GST-ΔN-LRRK2.WT (a) and T1357A (b)GST-ΔN-LRRK2were purified, autophosphorylated
in vitro in the presence of [γ-32P] ATP, and subjected to 2D TLC analysis. The spot α surrounded by dotted lines disappeared in the map of T1357A
ΔN-LRRK2. The plus sign (+) on the map indicates the position where the sample was applied. (C) Comparison of the 2D TLC maps between GST-
ΔN-LRRK2 and GST-ROC. Sf9 cells were infected with baculovirus harboring cDNA encoding GST-ΔN-LRRK2 or the ROC domain (1326−1518
aa). Overexpressed GST-fusion polypeptides were affinity-purified using glutathione Sepharose. Purified ΔN-LRRK2 was autophosphorylated in vitro
in the presence of [γ-32P] ATP (a), whereas purified GST-ROC was incubated with GST-ΔN-LRRK2 in the presence of [γ-32P] ATP to be
phosphorylated in trans (b). The radioactive bands corresponding to GST-ΔN-LRRK2 and GST-ROC were cut out from the blotted membrane and
subjected to 2D TLC analysis. Spots observed in both ΔN-LRRK2 and ROC are marked with black arrowheads, and those observed in either blot are
marked with white arrowheads. (D) 2D TLC map of GST-ROC. GST-ROC (WT or T1357A) or GST-ΔN-LRRK2 (WT) was transfected into
HEK293 cells, affinity-purified, and subjected to in-trans autophosphorylation in the presence of [γ-32P] ATP. After separation by SDS-PAGE, the band
corresponding to GST-ROC was subjected to 2D TLC analysis. The spot α surrounded by dotted lines disappeared in the map of GST-ROC harboring
the T1357Amutation. (E) Autophosphorylation at Thr1357 in FL-LRRK2. Immunoprecipitated and in vitro phosphorylated FL-LRRK2 was subjected
to immunoblotting with the rat monoclonal (mAb; top panel) and the rabbit polyclonal (pAb; middle panel) anti-pT1357 antibodies. Total LRRK2 was
detected by immunoblotting with the anti-LRRK2 antibody (MJFF2; bottom panel).
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Cell Culture and Transfection. Human embryonic kidney
(HEK) 293 cells and human lung carcinoma A549 cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) fetal bovine serum, 100 units/ml
of penicillin, and 100 μg/mL of streptomycin at 37 °C in a 5%
CO2 atmosphere. Transient expression in HEK293 cells was
performed by transfecting the plasmids using FuGENE6 (Roche) or
polyethyleneimine (Sigma) according to the manufacturer’s
protocol. When indicated, the cells were treated with LRRK2-IN-
1 (provided by Dr. Dario Alessi, University of Dundee) dissolved
in DMSO. Sf9 cells were cultured in Grace’s supplemented
media (Life Technologies) containing 10% (v/v) fetal bovine
serum, 0.1% (v/v) Pluronic F-68 (Life Technologies), 100 units/ml
of penicillin, and 100 μg/mL of streptomycin (Life Technolo-
gies) in a 1 L spinner flask at 27 °C. Protein expression in Sf9 cells
and the purification of the GST-fusion proteins were conducted
as described previously.24

Generation of the Anti-pT1357 Antibodies. The rabbit
polyclonal anti-pT1357 antibody was raised against an amino-
terminally KLH (keyhole limpet hemocyanin)-conjugated
synthetic phosphopeptide KLH-Cys-QLMKpTKKSD (BEX),
where pT stands for phosphorylated Thr. The antisera were
affinity purified using SulfoLink Resin columns (ThermoFisher
Scientific) conjugated with the phosphopeptide. Phosphoryla-
tion-independent antibodies were eliminated by passing through
a column conjugated with a nonphosphorylated immunogen
peptide, and the flow-through fractions were collected and used
for the experiments. The rat monoclonal anti-pT1357 antibody
was ra ised against a phosphopept ide , KLH-Cys-
QLMKpTKKSD-amide (BEX). The inguinal and celiac lymph
nodes of the immunized rats were collected, and the extracted
B cells were fused with mouse myeloma PEI cells by the
poly(ethylene glycol) method.3,28 Hybridoma selection was
carried out in GIT media (WAKO) supplemented with HAT or
HT (Sigma), 10% (v/v) BM condimedH1 (Roche), 100 units/ml
of penicillin, 100 μg/mL of streptomycin, 0.29 mg/mL of
L-Glutamine, and 10% (v/v) fetal bovine serum. After obtaining
monoclonal hybridomas, the clone 52-1-3 was selected by
screening the culture media of hybridomas containing secreted
immunoglobulin with ELISA and immunoblotting. The culture
media from clone 52-1-3 was collected and subjected to
purification of the immunoglobulin using the HiTrap Protein G
column (GE Healthcare) according to the manufacturer’s
instructions.
Antibodies and Immunochemical Analysis. The anti-

pT1357 antibodies were generated as described above. The anti-
pT1410 (#7125-1) and the anti-pT1491 (#7058-1) antibodies
were from Epitomics. The anti-LRRK2 (NB300−268) was
purchased from Novus Biologicals. The anti-LRRK2 (MJFF2;
#3514-1) was from Epitomics. The anti-FLAGM2 antibody was
from Sigma. Immunoprecipitation with the anti-FLAG antibody
as well as immunoblotting was conducted as described pre-
viously.29 For immunoblotting with phospho-specific antibodies,
3% BSA (bovine serum albumin; Sigma) solubilized in TBS-
Tween (50 mM Tris-HCl (pH 7.6), 150 mM NaCl, and 0.1%
(v/v) Tween-20) was used for blocking the membranes instead
of 5% (w/v) skim milk/TBS-Tween.
Phosphopeptide Mapping by Two-Dimensional Thin-

Layer Chromatography. Phosphopeptide mapping was
performed as described previously with some modifications.30

Proteins of interest were phosphorylated in the presence of
[γ-32P] ATP in an in vitro kinase reaction. The samples were then
separated by SDS-PAGE and transferred onto a PVDF

membrane (Millipore). The radioactive band corresponding to
the protein of interest was dissected from the membrane and
treated with 0.5% (w/v) poly(vinylpyrrolidone)-360 (Sigma) in
1% (v/v) acetic acid for 30 min at 37 °C. After sequential washes
with distilled water and 50 mM NH4HCO3, the band was
digested with TPCK-trypsin (Worthington) for 4 h at 37 °C. The
supernatants were lyophilized, solubilized with the pH 1.9
solution (2.2% (v/v) formic acid and 7.8% (v/v) acetic acid (pH1.9)),
and spotted onto the cellulose plate (Merck). Equal radioactivity
of samples was applied to the 2D TLC by measuring the
radioactivity with a liquid scintillation counter. First dimension
thin-layer electrophoresis was performed in the pH 1.9 solution
using the NA-4000-B1000 V electrophoresis apparatus (Nihon
Eido). After overnight drying, the plate was subjected to ascend-
ing chromatography by putting the plate into the developing
chamber containing the phospho-chromatography solution
(37.5% (v/v) n-butanol, 25% (v/v) pyridine, and 7.5% (v/v)
acetic acid). Finally, the plate was air-dried and analyzed with the
BAS-1800 image analyzer (FujiFilm).

Phosphorylation Analysis. The in vitro kinase assay using
[γ-32P] ATP as well as the metabolic labeling of cells with [32P]
orthophosphate was conducted as described previously.11

In Vitro Autophosphorylation in Cell Lysates. Trans-
fected HEK293 cells or A549 cells in a 10 cm dish were lysed in
500 μL of the lysis buffer (50 mM Tris-HCl (pH 7.6), 150 mM
NaCl, 0.5% NP-40, complete protease inhibitor cocktail
(Roche), and PhosSTOP phosphatase inhibitor cocktail
(Roche)). The protein concentration was determined using
the BCA protein assay kit (Thermo) and adjusted to 0.5 mg/mL
using the lysis buffer. Magnesium chloride was added to the
lysate at a final concentration of 20 mM, and the lysate was
incubated at 30 °C for the indicated periods. The reactions
were stopped by the addition of 5× SDS-PAGE sample buffer
(400 mM Tris-HCl (pH 6.8), 50% (v/v) glycerol, 10% (w/v)
SDS, 5% (v/v) 2-mercaptoethanol, 0.0125% (w/v) brilliant
green, and 0.03125% (w/v) CBB-G250), and the samples were
subjected to SDS-PAGE and immunoblotting.

In Vitro Kinase Assay Using the anti-pT1357 Antibody.
Assays were performed in 10 μL of the assay buffer (20 mMTris-
HCl (pH 7.5), 10 mMMgCl2, 2 mMDTT, 0.02% (v/v) Tween-
20, 520 μM bT1357tide (biotin-CQLMKTKKSD-amide; BEX),
30 ng GST-ΔN-LRRK2 (970−2527 aa; Life Technologies),
protease inhibitor cocktail (complete EDTA-free; Roche), and
phosphatase inhibitor cocktail (PhosSTOP; Roche)) and were
initiated by adding ATP. After incubation for 15 to 60 min, the
reactions were stopped by the addition of 190 μL of the stop
solution (50 mM Tris-HCl (pH 7.6), 150 mM NaCl, 0.5% NP-
40, and 20 mM EDTA). The bT1357tide was captured on the
streptavidin-coated plate (ThermoFisher Scientific) by applying
50 μL of the reaction mixtures to the plate in triplicate.
Phosphorylation of the captured bT1357tide was detected by
ELISA using the anti-pT1357 antibody (rat monoclonal) as a
primary antibody and an antirat IgG antibody conjugated with
horseradish peroxidase (Jackson Immunoresearch) as a secon-
dary antibody.

■ RESULTS
Phosphopeptide Mapping of Amino-Terminally Trun-

cated LRRK2. Besides autophosphorylation, FL-LRRK2
(Figure 1A) is phosphorylated at multiple sites amino terminal
to the LRR domain by other kinases in HEK293 cells,31 which
hampers the identification of autophosphorylation sites by mass
spectrometry. In contrast, an amino-terminally truncated mutant
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LRRK2 (ΔN-LRRK2; 1326−2527 aa; Figure 1A) is devoid of
phosphorylation by other kinases because it lacks most of the
major phosphorylation sites.24 To systematically identify
autophosphorylation sites of LRRK2, we conducted phospho-
peptide mapping of ΔN-LRRK2 that was isolated from
transfected HEK293 cells and phosphorylated in vitro in the
presence of [γ-32P] ATP. Phosphopeptide maps generated by
separating the tryptic peptides of [32P]-labeled ΔN-LRRK2
by 2D thin-layer chromatography (2D TLC) revealed a large
number of spots corresponding to autophosphorylation
(Figure 1B-a).
Identification of the Major Autophosphorylation Sites

in the ROC Domain. Because the ROC domain was shown to
be phosphorylated by LRRK2 in vitro,23 we conducted phos-
phopeptide mapping of GST-ROC (1326−1518 aa) phosphory-
lated by GST-ΔN-LRRK2 (Figure 1C-b). The phosphopeptide
map of GST-ROC exhibited a similar pattern to that of GST-
ΔN-LRRK2 (black arrowheads in Figure 1C-a), suggesting that
the majority of the spots observed in the map of ΔN-LRRK2 are
attributable to the ROC domain. Because it has been reported
that LRRK2 selectively phosphorylates Thr residues,18,26 we
next examined which Thr residue in the ROC domain is auto-
phosphorylated by substituting all Thr residues in the ROC
domain with Ala (T1343A, T1348A, T1349A, T1348A/T1349A,
T1357A, S1366A/T1368A, T1404A, T1410A, T1452A,
T1470A, T1491A, and T1503A/S1508A). An equal amount of
radioactivity of the samples was applied to 2D TLC to exclude
the variation in the kinase activity caused by the substitutions.
When Thr1357 was substituted with Ala (T1357A) in GST-ΔN-
LRRK2, the spot α disappeared (Figure 1B-b). In addition, the
spot α also disappeared in the phosphopeptide map of GST-
ROC harboring the T1357A substitution phosphorylated by
GST-ΔN-LRRK2 (Figure 1D). These results suggested that the
spot α corresponds to the peptides phosphorylated at Thr1357.
Similarly, we found that substitutions at Thr1348 and Thr1349
altered the 2D TLC map (Figure S1A,1B). We generated rabbit
polyclonal and rat monoclonal antibodies against a synthetic
peptide containing phospho-Thr1357. Overexpressed and immuno-
precipitated FL-LRRK2 was subjected to in vitro phosphor-
ylation. Both antibodies reacted with wild-type (WT) LRRK2
but did not react with either the kinase-inactive K1906MLRRK2
or T1357A LRRK2, which lacks the antigenic residue (Figure 1E).
These results indicated that Thr1357 is autophosphorylated not
only in ΔN-LRRK2 but also in FL-LRRK2.
Negative Regulation of the Kinase Activity by Auto-

phosphorylation at Thr1349. The GTP-binding capacity of
the ROC domain has been shown to be essential to the kinase
activity because the nucleotide-free T1348N as well as K1347A
LRRK2 lacks in vitro kinase activity.11,32 Therefore, phosphor-
ylation in the ROC domainmight have a potential regulatory role
not only in GTP binding but also in the kinase activity of LRRK2.
To investigate the functional significance of the autophosphor-
ylation identified in this study, we substituted Thr1348, Thr1349,
and Thr1357 with Ala or Asp to mimic the constitutively dephos-
phorylated or phosphorylated states, respectively. Because we
have confirmed that the autophosphorylation of these sites
occurs in FL-LRRK2 (Figure 1E), we used FL-LRRK2 for the
examination of their functional significance. We first investigated
guanine-nucleotide (GTP and GDP) binding in cells by meta-
bolic labeling and found that T1348A/D LRRK2 showed no
detectable guanine-nucleotide binding (Figure 2A). This result is
consistent with the fact that Thr1348 is essential to guanine-
nucleotide binding.11 Interestingly, T1349D LRRK2 bound no

guanine nucleotides in cells, whereas T1349A LRRK2 bound a
comparable amount of guanine nucleotides as that of WT
LRRK2 (Figure 2A). This result suggested that autophosphor-

ylation at Thr1349 has a functional role in guanine-nucleotide
binding. Next, the kinase activity of these mutants was examined
by autophosphorylation as well as by in vitro phosphorylation of

Figure 2. Functional role of the autophosphorylation in GTP binding
and the kinase activity of LRRK2. (A) FL-3×FLAG-LRRK2 was
immunoprecipitated from HEK293 cells metabolically labeled with
[32P]-orthophosphate, and the bound guanine nucleotides were
analyzed by thin-layer chromatography (TLC). The levels of bound
GTP were quantified and normalized to the expression levels of LRRK2.
(B) FL-LRRK2 immunoprecipitated from transfectedHEK293 cells was
subjected to an in vitro kinase assay. The kinase activity for GST-
LRRKtide (top panel) as well as the autophosphorylation activity (third
panel from the top) was examined. The second panel from the top
shows the Ponceau S staining of the membrane to show the equal level
of loading of the GST-LRRKtide. (C) Quantification of panel B. The
levels of the autophosphorylation (black) as well as the phosphorylation
levels of GST-LRRKtide (white) were quantified and normalized to the
expression levels of LRRK2 that were determined by immunoblotting
with the anti-LRRK2 antibody (bottom panel in B). The data are given
as the percentage of those observed in WT LRRK2 (n = 3, mean ±
standard error). *p < 0.05, **p < 0.01, and ***p < 0.001 (Student’s t
test; compared with WT).
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GST-LRRKtide.18 As expected, T1348A LRRK2 and T1348D
LRRK2 failed to exhibit kinase activity (Figure 2B,C). In
addition, the T1349D substitution caused a significant reduction
in the kinase activity, whereas the T1349A substitution had no
effect (Figure 2B,C). These results suggested that autophosphor-
ylation at Thr1349 has an inhibitory effect on the kinase activity
by inhibiting guanine-nucleotide binding.
Autophosphorylation at Thr1357 in Cell Lysates. To

examine whether LRRK2 is autophosphorylated at Thr1357 in
cells, in vitro phosphorylation was omitted and cell lysates
overexpressing FL-3×FLAG-LRRK2 were directly subjected to
immunoblotting. Autophosphorylation at Thr1357 was not
observed, indicating that autophosphorylation does not occur at
this residue in cells (Figure 3A; input). Autophosphorylation at
Thr1357 of FL-LRRK2 was not observed even after immuno-
precipitationwhen in vitro phosphorylationwas omitted (Figure S1C).
Interestingly, when lysates of HEK293 cells overexpressing
FL-LRRK2 were supplemented with 20 mM magnesium chloride
and incubated at 30 °C for 5min, a band labeled by the anti-pT1357
antibody was detected by immunoblotting (Figures 3A and
S2A). The band disappeared by the addition of LRRK2-IN-1, a
LRRK2-specific inhibitor (Figure 3A), and the band was not
observed in K1906M LRRK2 (Figure 3A; FL-KM), ensuring that
the band corresponds to the autophosphorylation of LRRK2
at Thr1357. We also showed that the endogenous level of

expression of LRRK2 was sufficient for the detection of the in-
lysate autophosphorylation at Thr1357 in human lung carcinoma-
derived A549 cells (Figure 3B), in which we found a relatively high
level of endogenous expression of LRRK2 (Figure S2B). In
addition, we detected the in-lysate autophosphorylation not only
at Thr1357 but also at Thr1410 and Thr1491 (Figure S2C). The
in-lysate autophosphorylation at Thr1357 was diminished by
prolonged incubation up to 24 h (Figure S2D), suggesting that
phosphatases existing in cell lysates dephosphorylated the
phosphorylation at Thr1357 after prolonged incubation. Less
efficient autophosphorylation was observed in cell lysates with a
higher protein concentration (Figure 3C), suggesting that
unknown substances in cell lysates (e.g., phosphatase) inhibit
autophosphorylation of LRRK2 in a concentration-dependent
manner. Surprisingly, the in-lysate autophosphorylation at Thr1357
occurred at 4 °C, although the reaction took place less efficiently
than that at 30 °C (Figure 3D). Collectively, these results
suggested that LRRK2 efficiently undergoes autophosphoryla-
tion at Thr1357, although dephosphorylation dominates over
the autophosphorylation in cell lysates after prolonged
incubation or at higher protein concentration.

Effect of Guanine Nucleotide Analogs on In-Lysate
Autophosphorylation at Thr1357. Because the GTP-binding
capacity of LRRK2 is important for its kinase activity, we added
guanine nucleotides (GTP and GDP) or their nonhydrolyzable

Figure 3. In-lysate autophosphorylation at Thr1357 of LRRK2. (A, B) HEK293 cells overexpressing FL-3×FLAG-LRRK2 (A) as well as A549 (B) cells
were lysed in the buffer containing 0.5% NP-40. The lysates (0.5 mg/mL) were incubated at 30 °C for the indicated periods in the presence of 20 mM
MgCl2 and subjected to immunoblotting with the anti-pT1357 antibody (top panel). LRRK2-IN-1 dissolved in DMSO was added at a concentration of
3 μM.WT, wild type; KM, K1906M. (C) In-lysate autophosphorylation of LRRK2 at higher protein concentrations. The in-lysate autophosphorylation
at Thr1357 was examined using two different protein concentrations of the cell lysates. The data are given as the ratio of those observed in 2 mg/mL
lysates (n = 3, mean ± standard error). **p < 0.01 (Student’ t test; compared with WT LRRK2 in a 2 mg/mL lysate). (D) Temperature dependence of
the in-lysate autophosphorylation of LRRK2. Lysates (0.5 mg/mL) of HEK293 cells overexpressing WT or K1906M LRRK2 were incubated in the
presence of 20 mM MgCl2 and 1 mM ATP for the indicated periods at 4 or 30 °C.
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analogs (guanosine 5′-O-[γ-thio]triphosphate (GTPγS) and
guanylyl imidodiphosphate (GMP-PNP)) to cell lysates and
examined their effects on the in-lysate autophosphorylation of
LRRK2. The addition of 10 μMGTP to lysates of HEK293 cells
overexpressing FL-LRRK2 showed no significant effect on the in-
lysate autophosphorylation of FL-LRRK2 at Thr1357, whereas
the addition of 10 μMGDP reduced the in-lysate autophosphor-
ylation of FL-LRRK2 at Thr1357 to ∼60% of that of the
nontreatment (Figure S2E). A similar reduction in the in-lysate
autophosphorylation at Thr1357 was observed upon the addi-
tion of 10 μM GTPγS or 100 μM GMP-PNP (Figure S2E).
These results suggested that inhibition of the GTP hydrolysis

activity in cell lysates reduces the in-lysate autophosphorylation
of LRRK2.

Effect of Familial Mutations on Autophosphorylation
at Thr1357.We examined the effect of pathogenic mutations of
LRRK2 on autophosphorylation at Thr1357 by the conventional
on-beads assay. When we examined the total autophosphor-
ylation of the six pathogenic mutants (i.e., R1441C/G/H,
Y1699C, G2019S, and I2020T) by an in vitro assay using [γ-32P]
ATP, we observed a significant increase in the total autophos-
phorylation in R1441C, Y1699C, and G2019S LRRK2, whereas
I2020T LRRK2 exhibited a rather decreased phosphorylation
compared with that of WT LRRK2 (Figure 4A,B; black bar).

Figure 4. Effects of familial Parkinson mutations on the autophosphorylation at Thr1357 of LRRK2 in vitro as well as in cell lysates. (A) On-beads
analysis by immunoblotting with the anti-pT1357 antibody (top panel; T1357 autophosphorylation) as well as by autoradiography (middle panel; total
autophosphorylation). (B) Quantification of panel A. The levels of the T1357 autophosphorylation (white) and the total autophosphorylation (black)
were quantified and normalized by the expression levels of LRRK2 determined by immunoblotting with the anti-LRRK2 antibody (bottom panel in A).
The data are given as the percentage of those observed in WT LRRK2 (n = 3, mean ± standard error). *p < 0.05 and ***p < 0.001 (Student’s t test;
compared withWT). (C) Ratio of T1357 autophosphorylation that comprised the total autophosphorylation determined in panel B. *p < 0.05 and ***p <
0.001 (Student’s t test; compared with WT). (D) HEK293 cell lysates (0.5 mg/mL) were incubated in the absence (left) or presence (right) of 1 mM
ATP for 5 min and subjected to immunoblotting. The levels of the T1357 autophosphorylation (top panel) were quantified and normalized by the
expression levels of LRRK2 determined by immunoblotting with the anti-LRRK2 antibody (MJFF2; bottom panel). The data are given as the
percentage of those observed in WT LRRK2 (n = 3, mean ± standard error). **p < 0.01 and ***p < 0.001 (Student’s t test; compared with WT). (E)
Autophosphorylation at Thr1357 in the presence (white) or absence (black) of externally added ATP. The data are given as the percentage of those
observed inWT LRRK2 under normal (ATP(−)) conditions (n = 3−5, mean± standard error). *p < 0.05 and ***p < 0.001 (Student’s t test; compared
with normal condition). n.s., not significant. (F) In-cell GTP binding of LRRK2 harboring familial Parkinson mutations. HEK293 cells overexpressing
FL-3×FLAG-LRRK2 were metabolically labeled with [32P]-orthophosphate, and the bound GTP was analyzed by TLC. Radiolabeled GTP was
visualized by autoradiography, and the radioactivity was quantified. The data are given as the percentage of those observed inWTLRRK2 (n = 3, mean±
standard error). **p < 0.01 and ***p < 0.001 (Student’s t test; compared with WT).
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We observed no significant differences amongWT, R1441G, and
R1441H LRRK2 (Figure 5A,B; black bar). However, when we
examined the autophosphorylation at Thr1357 by immunoblot-
ting using the anti-pT1357 antibodies, the autophosphorylation
at Thr1357 of Y1699C and I2020T LRRK2 was not increased,
whereas those of R1441C and G2019S LRRK2 exhibited an
increase compared with that of WT LRRK2 (Figure 4A,B; white
bar). R1441G LRRK2 exhibited reduced autophosphorylation at
Thr1357 compared with that of WT LRRK2, whereas R1441H
LRRK2 showed comparable autophosphorylation at Thr1357
(Figure 5A,B; white bar). The ratio of autophosphorylation at
Thr1357 that composes the total autophosphorylation
(pT1357/total) was significantly decreased in Y1699C LRRK2
(Figure 4C), suggesting that autophosphorylation at Thr1357 is
downregulated in Y1699C LRRK2. The pT1357/total ratio was
slightly but significantly increased in R1441C LRRK2 (Figure 4C),
suggesting that autophosphorylation at Thr1357 is upregulated
in R1441C LRRK2. The pT1357/total ratio of R1441G and
R1441HLRRK2were comparable to that ofWTLRRK2 (Figure 5C).
We then examined the in-lysate autophosphorylation at Thr1357
of LRRK2 harboring familial mutations to investigate the effect of
familial mutations on the kinase activity of LRRK2 in cell lysates.
In cell lysates, R1441C, R1441G, R1441H, G2019S, and I2020T
LRRK2 showed significantly increased autophosphorylation
compared with WT LRRK2 (Figures 4D and 5D; left panel).
R1441G and R1441H LRRK2 exhibited increased autophos-
phorylation at Thr1357 in cell lysates (Figure 5D), although they

exhibited comparable or slightly decreased kinase activities in
vitro (Figure 5A, 5B), suggesting that the kinase activities of these
mutants are enhanced by other proteins existing in the cell
lysates. Notably, I2020T LRRK2 showed rather decreased
autophosphorylation in cell lysates compared with WT LRRK2
when 1 mM ATP was added to the lysate, whereas R1441C,
R1441G, R1441H, and G2019S LRRK2 exhibited an increase in
autophosphorylation compared with WT LRRK2, suggesting a
difference in the binding affinity for ATP (Figures 4D and 5D;
right panel). Y1699C LRRK2 exhibited a decrease in
autophosphorylation regardless of the concentration of ATP
(Figure 4D), which might be attributed to the alteration in the
pT1357/total ratio (Figure 4C). A comparison between the
levels of in-lysate autophosphorylation at Thr1357 in the absence
and presence of additional ATP revealed that I2020T LRRK2
poorly responded to added ATP, whereas other mutations
increased the in-lysate autophosphorylation in response to the
addition of ATP (Figures 4E and 5E). Consistent with the
alteration of the pT1357/total ratio, we found that R1441C and
Y1699C mutations caused an increase and a decrease in GTP
binding, respectively (Figure 4F), suggesting that the con-
formation of the ROC domain is altered by these mutations.

Effects of Familial Mutations on the Km for ATP. We
developed a kinase assay system using a synthetic peptide
consisting of the amino acid sequence flanking Thr1357
(T1357tide) amino-terminally conjugated with a biotin moiety.
Phosphorylation of T1357tide by LRRK2 was detected by

Figure 5. Effects of R1441G and R1441H mutations on the autophosphorylation at Thr1357 of LRRK2 in vitro as well as in cell lysates. (A) On-beads
analysis by immunoblotting with the anti-pT1357 antibody (top panel; T1357 autophosphorylation) as well as by autoradiography (middle panel; total
autophosphorylation). (B) Quantification of panel A. The levels of the T1357 autophosphorylation (white) and the total autophosphorylation (black)
were quantified and normalized by the expression levels of LRRK2 determined by immunoblotting with the anti-LRRK2 antibody (MJFF2; bottom
panel in A). The data are given as the percentage of those observed in WT LRRK2 (n = 3, mean ± standard error). **p < 0.01 and ***p < 0.001
(Student’s t test; compared with WT). (C) Ratio of T1357 autophosphorylation that comprised the total autophosphorylation determined in panel B.
(D) HEK293 cell lysates (0.5 mg/mL) were incubated in the absence (left) or presence (right) of 1 mM ATP for 5 min and subjected to
immunoblotting. The levels of the T1357 autophosphorylation (top panel) were quantified and normalized by the expression levels of LRRK2
determined by immunoblotting with the anti-LRRK2 antibody (MJFF2; bottom panel). The data are given as the percentage of those observed in WT
LRRK2 (n = 3, mean ± standard error). *p < 0.05, **p < 0.01, and ***p < 0.001 (Student’s t test; compared with WT). (E) Autophosphorylation at
Thr1357 in the presence (white) or absence (black) of externally added ATP. The data are given as the percentage of those observed in WT LRRK2
under normal (ATP(−)) conditions (n = 3, mean ± standard error). *p < 0.05 and **p < 0.01 (Student’s t test; compared with normal condition).
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enzyme-linked immunosorbent assay (ELISA) with a mono-
clonal anti-pT1357 antibody. (Figure 6A−C). When we

quantitated the Km for ATP (Km(ATP)) of WT or familial
Parkinson mutant LRRK2 using recombinant GST-ΔN-LRRK2
(970−2527 aa) by examining their kinase activity in the presence
of various concentration of ATP, the Km(ATP) values of WT,
G2019S, and I2020T LRRK2 were 46.7 ± 5.9, 77.8 ± 3.2, and
6.1± 0.9 μM, respectively (Figure 6D,F). The significantly lower
Km(ATP) of I2020T LRRK2 compared to that of WT LRRK2

(Figure 6G) indicates that the kinase activity of I2020T LRRK2
in the presence of 2 μM ATP is significantly higher than that of
WT LRRK2 (Figure 6H), whereas that of I2020T LRRK2 in the
presence of 100 μM ATP is significantly lower than that of WT
LRRK2 (Figure 6I). These results indicated that the kinase
activity of I2020T LRRK2 reached the maximum in the presence
of a lower concentration of ATP compared with WT LRRK2,
which might explain its poor response to ATP in cell lysates
(Figure 4E).

■ DISCUSSION
Elucidation of the effect of the familial mutations in LRRK2 on its
functions or biochemical properties is crucial to the under-
standing of how these mutations cause neurodegeneration in PD.
To investigate the involvement of the LRRK2 kinase activity in
its neurotoxicity, we systematically characterized the autophos-
phorylation of LRRK2 by phosphopeptide mapping and found
that LRRK2 is autophosphorylated at Thr1348, Thr1349, and
Thr1357 in vitro and that the Y1699C mutation significantly
reduces the autophosphorylation at Thr1357. We also
established a unique in-lysate kinase assay, which enables the
direct evaluation of the LRRK2 kinase activity in cell lysates.
Using this assay, we found that I2020T LRRK2 exhibits an
increased kinase activity compared to WT LRRK2 in the
presence of a low concentration of ATP.
In this study, we characterized the autophosphorylation of

LRRK2 by the phosphopeptide mapping method instead of mass
spectrometry because the phosphopeptide mapping enables us
to investigate the whole set of autophosphorylation in a single
assay in a semiquantitative manner. We showed that most spots
in the map of GST-ΔN-LRRK2 were also observed in that of
GST-ROC (Figure 1C), suggesting that the majority of the
autophosphorylation inΔN-LRRK2 occurs in the ROC domain.
This is consistent with the report by Gloeckner and colleagues
who showed that the autophosphorylation of LRRK2 occurs
mainly in the ROC domain.25 By substitution of each Thr residue
in the ROC domain with Ala, we identified Thr1348, Thr1349,
and Thr1357 as the major autophosphorylation sites (Figures
1B,D and S1A). Although we and others have previously
reported that LRRK2 is autophosphorylated at Thr1410,
Thr1491, and Thr1503 in vitro,24,26,27 autophosphorylation of
these residues seems to be minor because Ala substitution of
these residues caused little effect on the spot pattern of the
phosphopeptide maps (Figure S1B). Spots that did not disappear
by substitution of any threonines in the ROC domain might
correspond to (i) autophosphorylation outside the ROC
domain, (ii) autophosphorylation at serine residues in the
ROC domain, or (iii) huge peptides corresponding to missed
cleavage products by trypsin.
In the crystal structure of the ROC domain, Thr1349 is located

within the P-loop, which is a conserved structure among GTP-
binding proteins and is involved in the binding of the charged
phosphate groups of nucleotides,33 and the hydroxyl group of its
side chain interacts with the α-phosphate of bound GDP.34

Because Asp substitution of Thr1349 caused loss of guanine-
nucleotide binding and Ala substitution was well-tolerated
(Figure 2A), it is reasonable to speculate that autophosphor-
ylation at Thr1349 has a negative impact on guanine-nucleotide
binding. However, Thr1357 is located at a distance from the
GTP-binding pocket outside the P-loop in the crystal structure,
which is consistent with our result that substitution of Thr1357
caused little effect on guanine-nucleotide binding (Figure 2A).
Although autophosphorylation at Thr1357 does not seem to play

Figure 6. Determination of Km(ATP) of LRRK2 harboring familial
mutations. (A) Schematic representation of GST-ΔN-LRRK2 (970−
2527 aa) and a standard curve of the in vitro assay system for LRRK2.
The bpT1357tide was applied onto the streptavidin plate in duplicate.
The phosphorylation of bT1357tide was detected by ELISA using the
monoclonal anti-pT1357 antibody. OD, optical density. (B)
bT1357tide was incubated with G2019S or D1994A GST-ΔN-
LRRK2 (970−2527 aa) for 10 min at 30 °C, and the phosphorylation
of the bT1357tide was examined by ELISA. ***p < 0.001 (Student’s t
test; compared with G2019S). (C) bT1357tide was incubated with
G2019S GST-ΔN-LRRK2 (970−2527) for 15 min at 30 °C in the
presence or absence of 3 μM LRRK2-IN-1, and the phosphorylation of
bT1357tide was examined by ELISA. ***p < 0.001 (Student’s t test;
compared with LRRK2-IN-1(−)). (D, F) Michaelis−Menten plots for
the determination of the apparent Km(ATP) of wild-type (D), G2019S
(E), and I2020T (F) GST-ΔN-LRRK2 (970−2527). (G) Calculated
Km(ATP) for LRRK2. **p < 0.01 and ***p < 0.001 (Student’s t-test;
compared with WT). (H, I) LRRK2 activity when the concentration of
ATP was 2 (H) and 100 μM (I). The results are representative of three
independent experiments performed in triplicate (mean ± standard
deviation). **p < 0.01 and ***p < 0.001 (Student’s t test; compared
with WT).
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an essential role in the regulation of guanine-nucleotide binding,
there still remains the possibility that autophosphorylation at
Thr1357 modulates protein−protein interactions or the GTPase
activity of LRRK2.
Interestingly, we found that LRRK2 undergoes autophosphor-

ylation in cell lysates (Figures 3 and S2). The autophosphor-
ylation at Thr1357 in cell lysates was linearly increased up to
5 min, reached the plateau after ∼1−2 h of incubation, and
decreased after prolonged incubation (Figures 3A and S2D).
Although the autophosphorylation at Thr1357 efficiently
occurred in cell lysates because it took place even at 4 °C
(Figure 3D), we could not detect the autophosphorylation at
Thr1357 without in vitro phosphorylation (Figure 3A; input,
Figure S1C). On the basis of these findings, we concluded that
LRRK2 is not stably autophosphorylated at Thr1357 within cells.
We speculate that, within cells, dephosphorylation activity by
unknown phosphatases against phospho-Thr1357 of LRRK2
might surpass the autophosphorylation activity of LRRK2 at
Thr1357. When the responsible phosphatases are diluted upon
lysis, the autophosphorylation activity of LRRK2 might become
predominant over dephosphorylation. Because prolonged
incubation has been reported to downregulate the autophos-
phorylation activity of LRRK2 in vitro,27 dephosphorylation
would again become predominant over autophosphorylation
after prolonged incubation (Figure S2D). The dephosphor-
ylation activity against phospho-Thr1357 of LRRK2 should be
higher in cell lysates with higher protein concentration, which
might cause the less efficient autophosphorylation of LRRK2
under this condition (Figure 3C). Alternatively, it is possible that
the sensitivity of our anti-pT1357 antibodies used in this study is
not high enough for the detection of the in-cell autophosphor-
ylation at Thr1357 of LRRK2. Nevertheless, considering that the
existing kinase assays for LRRK2 require purified LRRK2, the
present system has the advantage that we can examine LRRK2
activity without purification. Because the in-lysate autophos-
phorylation of endogenous LRRK2 is detectable (Figure 3B) and
it occurs not only at Thr1357 but also at Thr1410 or Thr1491
(Figure S2C), in-lysate autophosphorylation would be a
convenient tool to evaluate the kinase activity of LRRK2.
In an attempt to examine the effect of guanine nucleotides on

the in-lysate autophosphorylation, we found that the addition of
GDP, GTPγS, or GMP-PNP caused a significant reduction in the
in-lysate autophosphorylation (Figure S2E). Because several
reports have suggested that the addition of guanine nucleotides
or their nonhydrolyzable analogs to purified LRRK2 has no effect
on its kinase activity,32,35 it is not likely that the added GDP,
GTPγS, or GMP-PNP directly bound to FL-LRRK2 in cell
lysates, thereby reducing its in-lysate autophosphorylation. We
speculate that GDP, GTPγS, or GMP-PNP bind to guanine-
nucleotide binding proteins in cell lysates other than LRRK2.
Because the addition of both GDP and nonhydrolyzable
analogs of GTP decreased the in-lysate autophosphorylation
(Figure S2E), the GTP-hydrolysis activity of unknown proteins,
but not GTP/GDP binding, would be important for the
autophosphorylation of LRRK2 in cell lysates. The down-
regulation of autophosphorylation of LRRK2 by the addition of
GDP or nonhydrolyzable analogs into cell lysates is inconsistent
with the previous reports showing increased autophosphor-
ylation of LRRK2.32,36 The precise reason for this inconsistency
is unclear at this stage, but it might be due to the difference of the
experimental system: in the previous reports, purified LRRK2
was used to examine the autophosphorylation activity after
incubation in the presence of guanine nucleotides or their

analogs in cell lysates, whereas the autophosphorylation of
LRRK2 was directly examined in cell lysates in the presence of
guanine nucleotides or their analogs in this study. Given that the
in-lysate autophosphorylation of LRRK2 was modulated by
other guanine-nucleotide binding proteins, further investigation
into the in-lysate autophosphorylation of LRRK2 could uncover
the mechanism of the upstream regulation of LRRK2 kinase
activity by guanine-nucleotide binding proteins.
As shown in Figures 4 and 5, we carefully compared the total

autophosphorylation of LRRK2 using [γ-32P] ATP with the
autophosphorylation at Thr1357 using a specific antibody
against phosphorylated Thr1357 and found that R1441C and
Y1699C mutations significantly alter the ratio of pT1357 in the
total autophosphorylation (Figures 4A−C and 5A−C). Because
it has been shown in a homologous protein (Chlorobium tepidum
Roco protein) harboring a ROC−COR tandem domain that the
residues corresponding to Arg1441 and Tyr1699 of LRRK2 are
located at the ROC/COR interface,37 it is possible that the
conformation of the ROC domain was compromised by both
mutations, leading to a significant alteration in the autophos-
phorylation at Thr1357. Because the R1441G and R1441H
mutations caused no effect on the pT1357/total ratio
(Figure 5C), Cys substitution, but not Gly nor His substitution,
of Arg1441 might be critical to alter the conformation of the
ROC domain. Notably, using the in-lysate autophosphorylation
assay, I2020T LRRK2 exhibited a significant increase in
autophosphorylation (Figure 4D; left panel). This result
contradicted with the observation that I2020T LRRK2 failed
to exhibit increased autophosphorylation in a conventional on-
beads assay (Figure 4A,B). Interestingly, when we added 1 mM
ATP to the lysate, autophosphorylation at Thr1357 of I2020T
LRRK2 was not significantly changed, whereas those of the other
mutants were increased (Figures 4E and 5E). One possible
interpretation of these results would be that the kinase activity of
I2020T LRRK2 already reaches the maximum at a low
concentration of ATP and is not further upregulated by the
addition of ATP. In support of this interpretation, Reichling and
colleagues have examined the Km for ATP (Km(ATP)) of WT,
G2019S and I2020T LRRK2 using LRRKtide as a substrate and
concluded that the Km(ATP) of I2020T LRRK2 is significantly
lower than those of WT and G2019S LRRK2.38 We confirmed
this notion by an originally established kinase assay using the
amino acid sequence flanking Thr1357 (T1357tide) as a
substrate (Figure 6). Collectively, the observation that I2020T
LRRK2 undergoes autophosphorylation more efficiently than
WT LRRK2 in cell lysate is attributable to the difference in the
Km(ATP) between WT and I2020T LRRK2. Considering that
I2020T mutation fails to upregulate the kinase activity in the
presence of a high concentration of ATP, we speculate that
I2020T LRRK2 does not exhibit higher activity compared with
WT LRRK2 under physiological conditions (ATP concentration
of 1−10 mM). Nevertheless, given that all familial Parkinson
mutants except Y1699C, which was not analyzable because of the
altered pT1357/total ratio, showed an increase in the in-lysate
autophosphorylation under normal assay conditions (i.e., low
ATP concentration), it is tempting to speculate that an abnormal
reduction in the concentration of ATP caused by, for example,
mitochondrial failure confers a relatively higher activity on
LRRK2 harboring familial Parkinson mutations compared with
WT, which may be toxic to neurons.
We systematically characterized the autophosphorylation of

LRRK2 for the first time by phosphopeptide mapping and
established a unique and useful method to examine the kinase
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activity of LRRK2 using cell lysates. Further investigation into
the effect of the pathogenic mutations in LRRK2 would provide
clues for the elucidation of the molecular mechanism(s) of
neurodegeneration caused by LRRK2.
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